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HIGHLIGHTS 


►  MWCNT  is  first  modified  with  methylene  blue  during  ultraviolet  irradiation. 

►  Pt  nanoparticles  are  uniformly  dispersed  on  functionalized  MWCNT. 

►  Pt/fi -MWCNT  shows  excellent  catalytic  activity  and  stability  for  methanol  oxidation. 
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To  improve  the  utilization  and  activity  of  anodic  catalysts  for  direct  methanol  fuel  cells,  multi-walled 
carbon  nanotube  (MWCNT)  is  used  as  a  support  for  platinum  (Pt)  nanoparticles  synthesized  by 
method  of  ultraviolet  irradiation.  MWCNT  is  modified  by  methylene  blue  (fo-MWCNT)  under  ultraviolet 
light  (fi-MWCNT),  and  then  Pt  nanoparticles  are  assembled  on  the  fi-MWCNT  to  form  composites  (Pt/fi 
— MWCNT).  Fourier  transform  infrared  spectroscopy  analysis  reveals  that  the  surface  of  MWCNT  is 
successfully  functionalized.  Transmission  electron  microscopy  and  X-ray  diffraction  analyses  exhibit  that 
the  uniformly  dispersed  Pt  nanoparticles  of  around  2.5  nm  in  size  are  obtained.  Cyclic  voltammetric  and 
chronoamperometric  experiments  demonstrate  that  the  as-prepared  Pt/fi — MWCNT  composites  show 
higher  catalytic  activity  and  better  stability  compared  with  Pt/f0-MWCNT  and  commercial  Pt/C  (JM), 
which  is  vital  to  anode  electrocatalysis  in  direct  methanol  fuel  cells. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  have  attracted  much  atten¬ 
tion  for  their  potential  application  as  clean  and  mobile  power 
sources  with  high  energy  density  and  simple  structure  [1-3].  In 
order  to  successfully  realize  the  commercialization  of  DMFCs  at  low 
cost,  the  amount  of  electrocatalysts  should  be  reduced  remarkably 
while  maintaining  high  mass  specific  current  density.  It  is  very 
important  that  metal  nanoparticles  can  be  uniformly  deposited  on 
support  materials.  In  recent  years,  Multi-walled  carbon  nanotube 
(MWCNT)  has  attracted  considerable  interest  due  to  its  unique 
tubular  structure,  mechanical  properties,  excellent  chemical  and 
thermal  stability  and,  in  some  cases,  even  good  electrical 
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conductivity  as  a  catalyst  support  in  fuel  cells  [4,5].  However,  the 
inert  surface  and  the  formation  of  tangled  bundles  make  it  difficult 
to  disperse  in  precursor  solutions  and  colloidal  solutions.  Several 
methods,  such  as  oxidative  treatment  [6-10],  polymer  wrapping 
[11-13]  and  sidewall  functionalization  [14,15],  have  been  proposed 
to  solve  these  problems.  But  the  challenge  of  getting  excellent  and 
uniformly  dispersed  Pt  nanoparticles  with  controllable  particle  size 
is  still  faced  with  us  [16]. 

In  this  paper,  colloidal  Pt  nanoparticles  were  synthesized  by 
method  of  ultraviolet  irradiation.  MWCNT  modified  with  methy¬ 
lene  blue  during  ultraviolet  irradiation  was  as  a  new  support  of  Pt 
nanoparticles  (Pt/fi -MWCNT).  For  comparison,  Pt  nanoparticles 
were  also  assembled  to  MWCNT  modified  with  methylene  blue 
without  ultraviolet  irradiation  (Pt/fo— MWCNT).  The  composites 
were  characterized  by  Fourier  transform  infrared  spectroscopy 
(FTIR),  transmission  electron  microscopy  (TEM)  and  X-ray  diffrac¬ 
tion  (XRD).  The  catalytic  activity  and  stability  of  Pt/fj-MWCNT  for 
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methanol  oxidation  in  alkaline  solution  were  investigated  in 
comparison  with  Pt/fo-MWCNT  and  commercial  Pt/C  (20  wt.%  Pt). 

2.  Experimental 

2.1.  Functionalization  ofMWCNT 

The  functional  process  of  MWCNT  was  as  follows:  100  mg 
MWCNT  (Shenzhen  Nanotech  Port  Co.  Ltd.,  Shenzhen,  China)  and 
10  mg  methylene  blue  (MB)  were  respectively  weighed  out  into 
a  quartz  tapered  bottle,  and  then  50  mL  of  double  distilled  water 
was  added.  After  that,  the  mixture  was  magnetically  stirred  under 
ultraviolet  (UV)  light  with  the  wavelength  of  254  nm  at  room 
temperature  for  6  h.  Next,  the  mixture  was  centrifuged,  filtered  and 
washed  with  plenty  of  double  distilled  water  for  the  sake  of  thor¬ 
oughly  removing  the  excess  MB.  Ultimately,  the  filter  cake  was 
vacuum  dried  overnight  at  333  K.  The  obtained  product  was 
marked  as  fi -MWCNT.  For  comparison,  the  same  content  mixture 
was  only  magnetically  stirred  without  UV  irradiation.  After  the 
same  procedure,  the  corresponding  product  was  labeled  as  fo- 
MWCNT. 


2.2.  Preparation  of  nanocatalysts 

Pt  nanoparticles  were  synthesized  by  method  of  ultraviolet 
irradiation.  Briefly,  EUPtClg  (3.08  mM)  was  mixed  with  acetone 
(0.108  M)  as  well  as  polyethylene  glycol  (PEG-400,  0.09  M)  in 
a  quartz  tapered  bottle,  and  then  the  precursor  solution  was 
exposed  to  ultraviolet  irradiation  until  the  recorded  curves  of 
ultraviolet-visible  (UV-Vis)  spectra  did  not  change.  Pt  colloidal 
solution  was  obtained. 

Pt/fi— MWCNT  composites  (20  wt.%  Pt)  were  prepared  as 
follows:  192  mg  fi-MWCNT  was  added  into  100  mL  of  the  previ¬ 
ously  prepared  Pt  colloidal  solution.  The  mixture  was  stirred 
vigorously  for  3  h  at  room  temperature.  The  resulting  solids  were 
filtered,  washed  with  copious  double  distilled  water,  and  vacuum 
dried  overnight  at  333  K  to  obtain  Pt/fi —MWCNT  nanocatalysts.  By 
comparison,  Pt/fo— MWCNT  nanocatalysts  with  20  wt.%  Pt  were 
synthesized  according  to  the  same  procedure. 

2.3.  Measurement 

FTIR  measurements  were  carried  out  on  an  FTS-40  Fourier 
transform  infrared  spectrometer  at  a  resolution  of  4  cm”1.  UV-Vis 
spectra  were  recorded  on  a  lambda  900  UV/Vis/NIR  spectropho¬ 
tometer.  XRD  data  were  obtained  by  mean  of  using  a  Bruker  D8 
Advance  X-ray  diffractometer  with  Cu  Ka  (0.15,406  nm)  radiation. 
TEM  images  were  taken  on  a  JEOL  JEM-2100  electron  microscope 
(200  kV). 

All  electrochemical  measurements  were  carried  out  on 
a  CHI760C  electrochemistry  work  station  at  303  K.  A  typical 
suspension  of  the  nanocatalyst  ink  was  prepared  by  dispersing 
2  mg  of  the  nanocatalyst  powder  in  1  mL  solution  with  1:19  volume 
ratio  of  nation  (5%)  and  isopropanol.  Then  10  pL  of  this  ink  was 
pipetted  onto  a  polished  glass  carbon  (GC)  electrode  and  dried  in 
air  at  room  temperature.  A  traditional  three-electrode  cell  was  used 
with  a  platinum  wire  as  the  counter  electrode,  a  saturated  calomel 
electrode  (SCE)  as  the  reference  electrode  and  the  previously 
prepared  GC  electrode  as  the  working  electrode.  Cyclic  voltam- 
metric  and  chronoamperometric  experiments  were  conducted  in 
0.5  M  KOH  +  2  M  methanol  aqueous  solution.  Prior  to  testing,  the 
electrolyte  solution  (0.5  M  KOFI)  was  deaerated  by  bubbling  pure 
nitrogen  for  20  min. 


3.  Results  and  discussion 

3.1.  FTIR  analysis 

FTIR  spectra  of  pristine  MWCNT,  f0-MWCNT  and  fi -MWCNT  are 
shown  in  Fig.  1.  It  can  be  seen  from  Fig.  1  a  that  the  peak  at  1580  cm”1 
attributed  to  the  C=C  stretching  vibrations  is  the  characteristic 
peak  of  MWCNT.  As  shown  in  Fig.  lb,  the  peaks  at  1570  cm”1  and 
1650  cm”1  are  probably  ascribed  to  the  C=C  stretching  vibrations  of 
MWCNT  and  MB,  respectively.  This  indicates  that  MB  has  been 
physically  or  chemically  adsorbed  by  MWCNT.  But  C=C  character¬ 
istic  peak  of  MWCNT  is  shifted,  presumably  implying  the  appear¬ 
ance  of  interaction  between  MWCNT  and  MB  [17-19].  It  should  be 
noted  from  Fig.  lc  that  the  spectrum  of  fi -MWCNT  is  almost  similar 
to  that  of  fo-MWCNT  from  4000  cm”1  to  1330  cm”1.  The  peaks  at 
1093  cm”1  and  667  cm”1  may  be  assigned  to  C-N  stretching 
vibrations  and  N-H  out-of-plane  bending  vibrations,  respectively. 
This  suggests  that  reactive  and  anchoring  sites  have  formed  on  the 
surface  of  MWCNT  during  UV  irradiation. 

3.2.  UV-Vis  analysis 

Fig.  2  exhibits  UV-Vis  absorption  spectra  of  the  Pt  precursor 
solution  after  ultraviolet  irradiation.  It  can  be  found  that  the 
absorbance  significantly  increases  with  successive  ultraviolet  irra¬ 
diation,  but  the  curves  are  almost  overlapped  after  30  min,  which 
suggests  that  the  reaction  had  been  conducted  completely  and  that 
the  colloidal  Pt  had  been  generated.  As  seen  in  Fig.  2,  no  plasmon 
absorbance  could  be  detected  between  300  and  700  nm  for  Pt 
nanoparticles  and  the  consequence  is  in  accordance  with  the 
results  reported  by  Masafumi  Harada  et  al.  [20]. 

3.3.  TEM  and  XRD  analyses 

Fig.  3a— c  shows  the  typical  TEM  images  of  the  synthesized  Pt/ 
fo-MWCNT,  Pt/fi — MWCNT  and  colloidal  Pt  nanoparticles.  It  can 
be  seen  from  Fig.  3a  that  the  spherical  Pt  nanoparticles  are 
successfully  dispersed  on  the  walls  of  MWCNT.  Although  Pt  nano¬ 
particles  aggregate  to  form  clusters,  no  free  Pt  nanoparticles 
detached  from  MWCNT  can  be  observed  in  the  TEM  image.  Fig.  3b 
exhibits  that  even  though  Pt  clusters  are  still  found  in  part  of  the 
surface,  the  dispersion  of  Pt  nanoparticles  in  Pt/fi —MWCNT 


Wavenumbers/cm'1 

Fig.  1.  FTIR  spectra  of  (a)  pristine  MWCNT,  (b)  f0-MWCNT  and  (c)  f, -MWCNT. 
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Fig.  2.  UV-vis  absorption  spectra  of  Pt  precursor  solution  after  ultraviolet  irradiation. 

composites  is  significantly  improved.  This  can  possibly  be  ascribed 
to  the  effect  of  C— N  and  N— H  groups.  In  other  words,  fi-MWCNT  is 
in  favor  of  the  dispersion  state  of  Pt  nanoparticles  compared  with 
fo-MWCNT.  Fig.  3c  shows  that  crystalline  Pt  nanoparticles  with  the 
mean  diameter  size  of  2.5  nm  is  successfully  prepared  by  method  of 
ultraviolet  irradiation,  which  can  be  further  confirmed  in  the 
following  XRD  results. 

The  XRD  pattern  of  Pt/fi-MWCNT  composites  is  shown  in 
Fig.  3d.  The  diffraction  peaks  at  ca.  40°,  46°,  68°  and  81°  are 
attributed  to  the  (111),  (200),  (220)  and  (311)  planes  of  the  face- 
centered  cubic  structure  of  Pt  crystals,  respectively.  Flowever,  the 
peak  at  around  26°  is  ascribed  to  the  crystalline  nature  of  the 
graphitic  structure  of  MWCNT.  The  average  particle  size  of  Pt 


crystals  calculated  from  the  Pt  (111)  plane  by  using  the  Debye- 
Scherrer  equation  is  around  2.7  nm,  in  good  agreement  with  the 
value  obtained  by  TEM  analysis. 

3.4.  Electrochemical  characterization 

The  electrochemical  properties  of  Pt/fi — MWCNT,  compared  with 
Pt/fo-MWCNT  and  the  commercial  Pt/C,  have  been  investigated  by 
method  of  the  cyclic  voltammetry  at  a  potential  scan  rate  of 
50  mV  s-1  in  0.5  M  KOFI  +  2.0  M  CFI3OH  aqueous  solution,  and  the 
stabilized  cyclic  voltammertric  curves  are  depicted  in  Fig.  4a.  It  is 
clear  from  Fig.  4a  that  the  mass  specific  current  density  of  Pt/fi — 
MWCNT  is  higher  than  that  of  Pt/fo-MWCNT  and  the  commercial 
Pt/C  catalyst.  The  peak  current  densities  due  to  methanol  oxidation 
in  the  forward  sweep  for  Pt/fi — MWCNT,  Pt/fo-MWCNT  and  Pt/C  are 
2035  mA  mg-1  Pt,  1246  mA  mg-1  Pt  and  959  mA  mg-1  Pt,  respec¬ 
tively.  The  Pt/fi -MWCNT  catalyst  exhibits  a  mass  specific  current 
density  1.63  times  higher  than  the  Pt/fo-MWCNT  catalyst  and  2.12 
times  higher  than  the  Pt/C  catalyst.  Therefore,  the  Pt/fi -MWCNT 
catalyst  is  much  more  active  for  methanol  oxidation.  Furthermore, 
the  onset  potential  of  Pt/fi -MWCNT  is  almost  comparable  with  that 
of  the  commercial  Pt/C  catalyst,  while  the  onset  potential  of  Pt/fo- 
MWCNT  is  lower  than  that  of  the  commercial  Pt/C  catalyst.  Fligher 
current  density  and  lower  onset  potential  are  two  significant  factors 
to  assess  the  performance  of  electrocatalysts.  The  higher  peak 
current  density  and  lower  onset  potential  for  methanol  oxidation 
imply  that  the  Pt/fi -MWCNT  catalyst  has  excellent  catalytic  activity. 

Fig.  4b  describes  the  chronoamperometric  curves  of  Pt/fi — 
MWCNT,  Pt/fo-MWCNT  and  the  Pt/C  catalyst  at  -0.14  V  in  0.5  M 
KOH  +  2.0  M  CFI3OH  aqueous  solution.  For  all  the  catalysts,  the 
current  density  decrease  with  time,  probably  because  of  the  cata¬ 
lyst  poisoning  by  adsorbed  CO  species  resulting  from  methanol 
oxidation  and  the  consumption  of  hydroxide  ions  which  are 
responsible  for  the  oxidation  of  CO  species  [21,22].  Flowever,  the  Pt/ 
fi -MWCNT  catalyst  is  able  to  maintain  the  highest  current  density 


Fig.  3.  TEM  images  of  (a)  Pt/f0-MWCNT  and  (b)  Pt/fi-MWCNT  composites,  (c)  HRTEM  image  of  colloidal  Pt  nanoparticles,  (d)  XRD  pattern  of  Pt/fi-MWCNT  composites. 
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Fig.  4.  (a)  Cyclic  voltammograms  of  various  electrodes  at  50  mV  s-1  in  0.5  M  KOH  + 
2.0  M  CH3OH  aqueous  solution,  (b)  Chronoamperograms  of  various  electrodes  at 
-0.14  V  in  0.5  M  KOH  +  2.0  M  CH3OH  aqueous  solution. 

in  the  whole  process.  This  indicates  that  the  Pt/fi — MWCNT  catalyst 
exhibits  higher  catalytic  activity  and  better  stability  than  both  Pt/ 
f0— MWCNT  and  Pt/C. 

4.  Conclusions 

The  comparative  study  of  MWCNT  modified  by  MB,  with  and 
without  ultraviolet  irradiation,  revealed  that  MWCNT  modified 


with  MB  under  ultraviolet  irradiation  was  in  favor  of  the  dispersion 
state  of  Pt  nanoparticles  and  could  enhance  the  catalytic  perfor¬ 
mance  of  Pt  nanoparticles.  FTIR  analysis  showed  that  the  C-N  and 
N— H  groups  existed  on  the  surface  of  MWCNT  to  provide  reactive 
and  anchoring  sites.  TEM  and  XRD  exhibited  that  the  dispersion  of 
Pt  nanoparticles  of  around  2.5  nm  in  size  was  relatively  homoge¬ 
neous  on  fi -MWCNT.  Electrochemical  studies  using  cyclic  voltam¬ 
metry  and  chronoamperometry  indicated  that  the  Pt/fi -MWCNT 
catalyst  exhibited  higher  catalytic  activity  and  better  stability 
than  the  Pt/f0-MWCNT  catalyst  and  the  commercial  Pt/C  catalyst. 
All  these  results  demonstrate  that  the  synthesized  Pt/fi — MWCNT 
catalyst  is  a  promising  anode  catalyst  for  DMFCs. 
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